Objective-To investigate the role of endothelial vasodilating factors in adaptation of myocardial blood flow to increased metabolic demands. Design-Alterations in the effects of endothelium dependent (acetylcholine) and independent (sodium nitroprusside) vasodilators and the /3 receptor agonist dobutamine were studied after inhibition of endothelium derived relaxing factor (EDRF) with L-NG-nitro-arginine methyl ester (L-NAME), prostanoid synthesis with indomethacin, and ATP sensitive potassium channels with glibenclamide. Experimental animals-Female Wistar rats, in situ perfused heart. Main outcome measures-Myocardial blood flow (H2 clearance); systolic fractional thickening (pulsed Doppler); mean arterial blood pressure. Results-L-NAME reduced myocardial blood flow by 58 (12)% (mean (SD), P < 0-001) and systolic thickening fraction (FT) by 36 (9)% (P < 0.05). These effects were significantly reversed by administration of L-arginine but not D-arginine. Pretreatment with L-NAME inhibited the increase in myocardial blood flow caused by acetylcholine (control: +42 (9)%; L-NAME: -29 (7)%, P < 0.001) but did not affect the increase in myocardial blood flow caused by sodium nitroprusside (control: +44 (5)%; L-NAME: +34 (10)%, NS).
Pretreatment with L-NAME did not change the effect of dobutamine on myocardial blood flow (+61 (3)%) and FT (+32 (8)%) compared with baseline values (P < 0-001). Neither pretreatment with indomethacin nor with glibenclamide reduced the dobutamine induced increase in myocardial blood flow.
Conclusions-Inhibition of
EDRF, prostanoid synthesis, and ATP sensitive potassium channels did not reduce the vasodilator reserve during increased metabolic demands induced by /, adrenergic stimulation. Therefore, adaptation of myocardial blood flow to increased metabolic demands is independent of endothelial relaxing factors in the rat heart.
(Heart 1997;77:147-153) Keywords : myocardial blood flow; myocardial function; endothelial vasodilating factors; coronary reserve Vascular endothelium is an active regulator of vascular tone through its release of vasoactive substances. Known endothelial vasodilators are the endothelium derived relaxing factor (EDRF), prostaglandins (mainly prostacyclin), and the endothelium derived hyperpolarising factor (EDHF)."
EDRF, identified as nitric oxide (NO),'3 iS synthesised from the guanidino terminus of Larginine. 4 The synthesis can be competitively inhibited by arginine analogues, such as L-NG_ nitro-arginine methyl ester (L-NAME),5 6 and this inhibition can be reversed by the administration of L-arginine, but not D-arginine. 6 Prostacyclin (PGI2), another endothelial vasodilator, is synthesised from arachidonic acid,7 mainly in endothelial cells. The key enzyme for the synthesis of PGI2, cyclooxygenase, can be inhibited by indomethacin. 8 The endothelium derived hyperpolarising factor2 has not yet been identified, though it might act by opening potassium channels, for example ATP dependent potassium channels. 9 Opening of these latter channels is known to be blocked by glibenclamide.'0 Several investigators have shown an attenuation of endothelium dependent vasodilatation after ischaemia" 12 and in diseases such as hypertension, atherosclerosis, or diabetes mellitus."3 Furthermore, vascular relaxation by endothelium dependent vasodilators has been shown to be reduced both in coronary arteries and in coronary arterioles, starting early in the development of atherosclerosis. '4 This may result in a diminished vasodilating capacity of these vessels, for example during exercise, leading to angina on effort. Furthermore, endothelial dysfunction may contribute to the development of arterial spasm.'5 The impact of endothelial relaxing factors compared with non-endothelium-derived vasodilators such as adenosine '6 or growth factors'7 on coronary resistance has not been determined, though it appears to be important for the understanding of coronary autoregulation and for the development of new treatments for coronary artery disease.
The aim of this study was therefore to investigate myocardial vasodilating capacity during increased metabolic demands after inhibition of the endothelial relaxing factors EDRF, prostaglandins, and ATP sensitive potassium channels.
Methods

ANIMAL PREPARATION
Female Wistar rats of 215 (SD 30) g body weight (bw) were anaesthetised with intraperi-toneal barbiturate (Inactin Byk-Gulden, 01 mg/100 g bw intraperitoneally) and artificially ventilated (small animal ventilator, Harvard) with a volume of 2-3 ml at a rate of 60-75 strokes/min. Body temperature was maintained at 37°C using a heated operating table. The carotid artery was cannulated for continuous measurement of systemic blood pressure (Statham pressure transducer). The jugular vein was cannulated to allow administration of fluid and drugs. The heart was exposed by removing an oblong portion of chest wall and sternum.
DETERMINATION OF MYOCARDIAL BLOOD FLOW
Myocardial blood flow was measured by the hydrogen (H2) clearance technique using platinum electrodes inserted into the myocardial tissue for measuring tissue H, pressure (PH2).
The basic theory of determining tissue blood flow by inert gas clearance and the applicability of H2 as an indicator has been described earlier. '8 In brief, the target tissue is saturated with hydrogen at a constant PH, by adding a constant fraction of H2 (30%) to the inspired air. After H2 is removed from the inspired air, the tissue H, is washed out by H2-free blood, yielding an exponential concentration decline in tissue. The tissue blood flow (ml/min/g) is derived from the half time of PH2 decay as tissue blood flow = ln2/t,/2. The exponential fit of the measured PH2 curve for determining flow was done with a computer aided device.
The H2 curves deviated slightly from a monoexponential shape only at the beginning (100-80%) and at the end (5-0%). Therefore, for evaluation of myocardial blood flow, only the mid portion of the curves (80-10%) was used. The logarithmic regression coefficient of all curves was > 0-98.
The electrodes used in this study were made from 50 um epoxide insulated platinum wires with a 300-500 nm non-insulated PH2 sensing tip. The Series I: control group (n = 8)-Haemodynamic measurements and FT were determined continuously and myocardial blood flow was determined under baseline conditions as well as 30 s after application of acetylcholine, sodium nitroprusside, and dobutamine. Series II: L-NAME group (n = 6)-After six control measurements of myocardial blood flow, FT, and mean arterial pressure, L-NAME (10 mg/kg; Sigma Chemical Co, St Louis, MO, USA) was given. Thirty minutes after addition of L-NAME, acetylcholine, sodium nitroprusside, and dobutamine were subsequently given and measurements were repeated 30 s after application of each substance.
To assess the selectivity of inhibition of nitric oxide production by L-NAME, L-or Darginine (100 mg/kg bolus followed by 100 mg/kg/h intravenous infusion) was infused in an additional six rats 20 min after the administration of L-NAME.
To rule out a change of the metabolic cost of dobutamine after pretreatment with L-NAME, the double product was calculated as a measurement of cardiac work under the influence of dobutamine before and after L-NAME.
Series III: indomethacin group (n = 6), series IV: indomethacin and L-NAME group (n = 6), series V: glibenclamide group (n = 6), and series VI: glibenclamide + L-NAME group (n = 6) After six control measurements, indomethacin (5 mg/kg, series III), indomethacin + L-NAME (series IV), glibenclamide (0-5 mg/kg bolus followed by 0-5 g/kg/min continuous intravenous infusion, series V), and glibenclamide in addition to L-NAME (series VI) were given intravenously. Haemodynamic measurements and FT were recorded continuously and myocardial blood flow was deter- 
Results
SERIES I (CONTROL GROUP)
Under baseline conditions, myocardial blood flow was 3-8 (0.2) ml/g (mean (SD)), FT was 11-5 (0.8)%, and mean arterial pressure was 120 (8) mm Hg.
After bolus application of acetylcholine, myocardial blood flow increased to 5-4 (0 5) ml/min/g (A = +42 (9)%, P < 0 001); acetylcholine had no significant effect on FlT (11 8 (0-6)%) and mean arterial pressure (110 (8) mm Hg).
Bolus administration of sodium nitroprusside increased myocardial blood flow to 5-5 (0 3) ml/min/g (A = +44 (5)%, P < 0.001) whereas FT (11-5 (0-7)%) and mean arterial pressure (114 (9) mm Hg) were unaffected.
After bolus administration of dobutamine, myocardial blood flow and FT increased significantly: myocardial blood flow to 6 (02) ml/min/g (A = +57 (4)%) and FT to 14-4 (0 9)% (A = +26 (1 1)%). Mean arterial pressure was also increased to 135 (9) mm Hg ( fig  1, tables 1-3) .
Following intravenous infusion of L-NAME, a significant reduction in myocardial blood flow and FT was observed (myocardial blood flow: 1 6 (O 2) mlmin/g, A = -58 (12)%; FT: 7 3 (0-4)%, A = -36 (9)%). In contrast, mean arterial pressure increased to 150 (5) mm Hg
The effects of L-NAME on myocardial blood flow, FT, and mean arterial pressure were not significantly altered 30 min after continuous intravenous administration of Darginine (myocardial blood flow: 1-7 (0 3) ml/min/g; FT: 7-6 (0 3)%; mean arterial pressure: 155 (7) mm Hg). In contrast, 30 min Table 1 Myocardial bloodflow 6-1 (0 2)*t 5-9 (0 2)*t 6-5 (0.7)*t 5.9 (0Q3)*t 6-1 (0.6)*t Myocardial blood flow (ml/min/g) under baseline conditions and after application of acetylcholine (ACh), sodium nitroprusside (SNP), and dobutamine. Values are mean (SD) of the control group (n = 8) and after pretreatment with L-NAME (n = 6), indomethacin (n = 6), L-NAME + indomethacin (n = 6), glibenclamide (n = 6), and L-NAME + glibenclamide (n = 6). *P < 0 05 v baseline; tP < 0 05 v pretreatment. Systolic thickening fraction (%) under baseline conditions and after application of acetylcholine (ACh), sodium nitroprusside (SNP), and dobutamine. Values are mean (SD) of the control group (n = 8) and after pretreatment with L-NAME (n = 6), indomethacin (n = 6), L=NAME + indomethacin (n = 6), glibenclamide (n = 6), and L-NAME + glibenclamide (n = 6).
*P < 0 05 v baseline; fP < 0 05 v pretreatment. Mean arterial pressure (mm Hg) under baseline conditions and after application of acetylcholine (ACh), sodium nitroprusside (SNP), and dobutamine. Values are mean (SD) of the control group (n = 8) and after pretreatment with L-NAME (n = 6), indomethacin (n = 6), L-NAME + indomethacin (n = 6), glibenclamide (n = 6), and L-NAME + glibenclamide (n = 6).
*P < 0-05 v baseline; tP < 0.05 v pretreatment. experiments. MBF and FT were significantly reduced and MAP significantly increased by L-NAME (*P < 0 05 v baseline). In contrast to D-arginine, L-arginine revereed the effects ofL-NAME (tP < 0 05 v L-NAME).
after continuous intravenous administration of L-arginine, there was a reversal of the effects of L-NAME (myocardial blood flow: 364 (0 3) ml/min/g; FT: 10-6 (0 7)%; mean arterial pressure: 125 (7) mm Hg, P < 0-05; fig 2) . Following pretreatment with L-NAME, the effect of acetylcholine on myocardial blood flow was reduced (P < 0-05) and myocardial blood flow remained below the baseline value (2-7 (0 2) ml/min/g, A = -27 (7)%). FT and mean arterial pressure, however, were not significantly altered by acetylcholine (7 9 (0 4)%; 138 (8) mm Hg).
There was no significant difference in the response of myocardial blood flow, FT, and mean arterial pressure to sodium nitroprusside in the L-NAME pretreated group compared to the control group.
As with the effects observed in the control group, dobutamine increased both myocardial blood flow and FT in the L-NAME pretreated group, whereas mean arterial pressure was unaltered (figs 1 and 3, tables 1-3).
There was no significant difference in the double product obtained with administration of dobutamine before compared with after pretreatment with L-NAME (baseline + dobutamine: 65a2 (6) mmHg x beats/min/ 104b; L-NAME + dobutamine: 66-3 (4p6) mm Hg x beats/min/ 04r;NS) .
SERIES III (INDOMETHACIN GROUP)
Infusion of indomethacin did not change basal myocardial blood flow (3 5 (0 3) ml/min/g), FT (1 1 9 (0 7)%), or mean arterial pressure (120 (3) mm Hg).
Pretreatment with indomethacin did not alter the increase in myocardial blood flow caused by acetylcholine (5 (04) ml/min/g), sodium nitroprusside (4-8 (0 3) ml/min/g), or dobutamine (5 9 (0 2) ml/min/g). Furthermore, there were no significant changes in FT and mean arterial pressure, as observed in the control group (tables 1-3).
SERIES IV (INDOMETHACIN + L-NAME GROUP)
Pretreatment with L-NAME in combination with indomethacin did not further affect basal myocardial blood flow (1-8 (0 2) ml/min/g), FT (7 3 (0 3)%), or mean arterial pressure (150 (6) mm Hg) compared to the results obtained after pretreatment with L-NAME alone.
Similarly, the effects of acetylcholine, sodium nitroprusside, and dobutamine on myocardial blood flow, FT, and mean arterial pressure in this series were not significantly different from those obtained in the series with L-NAME alone (tables 1-3).
SERIES V (GLIBENCLAMIDE GROUP)
Intravenous administration of glibenclamide did not significantly alter myocardial blood flow (3 3 (0 3) ml/min/g) and FT (11 8 (0 9)%); the drug caused a small though statistically significant increase in mean arterial pressure (138 (4) mm Hg).
In glibenclamide pretreated animals, the effects of acetylcholine, sodium nitroprusside, and dobutamine on myocardial blood flow, FT, and mean arterial pressure observed 30 s after bolus administration were not significantly different from the values obtained in the control group (tables 1-3).
SERIES VI (GLIBENCLAMIDE + L-NAME GROUP) Addition of glibenclamide did not alter the effect of L-NAME on myocardial blood flow (1-4 (0-2) ml/min/g), FT (6&9 (0 4)%), or mean arterial pressure (153 (5) mm Hg).
The effects of acetylcholine, sodium nitroprusside, and dobutamine on myocardial blood flow, FT, and mean arterial pressure after pretreatment with L-NAME + glibenclamide were not different from those obtained with L-NAME alone (tables 1-3). Our data show that the increase in myocardial blood flow induced by the positive inotropic action of dobutamine is not attenuated by inhibiting EDRF synthesis (L-NAME), prostaglandin synthesis (indomethacin), or the ATP sensitive potassium channels (glibenclamide). We can therefore assume that endothelium dependent relaxing factors are not required for the physiological adaptation of myocardial blood flow to myocardial energy demands in the rat heart.
METHODOLOGICAL CONSIDERATIONS AND LIMITATIONS OF THE STUDY
Myocardial metabolic demands were increased with dobutamine. This drug acts directly on the myocardium, predominantly by A receptor stimulation, and exerts only minor chronotropic or vasodilator effects,2' though it has been shown that dobutamine may induce the release of EDRF through ,B, receptors in rat microvessels.22 Thus the dobutamine induced increase in myocardial blood flow primarily reflects adaptation to augmented myocardial metabolic demands. All drugs used in this study were given intravenously. In contrast to indomethacin and L-NAME, which can be given as a bolus to achieve full effects for several hours, glibenclamide as well as D-and L-arginine had to be given by continuous intravenous infusion to accomplish long lasting effects. Since intracoronary administration of the drugs was not possible in this study, brief transient systemic effects after intravenous bolus administration of acetylcholine and sodium nitroprusside could not be completely prevented-for example, immediately after administration of the vasodilators, an instantaneous brief decline in systemic blood pressure was observed. Since haemodynamic measurements were recorded continuously throughout all the experiments, we were able to determine the exact time of recovery of the mean arterial blood pressure, which in all experiments was 15-20 seconds after the administration of the vasodilators. Therefore, myocardial blood flow and systolic thickening fraction were determined 30 seconds after administration of acetylcholine, sodium nitroprusside, and dobutamine, when mean arterial blood pressure was no longer affected.
EDRF
A substantial role for EDRF in the regulation of vascular tone is well established.' 2 Acetylcholine causes vasodilatation in normal arteries, but after removal of endothelium or in atherosclerotic vessels with destruction of endothelial cells, acetylcholine may provoke vasoconstriction.'323 However, the significance of EDRF as a vasodilator in relation to other vasodilating factors has not yet been defined. Several investigators have described an impaired EDRF dependent vasodilatation after short episodes of ischaemia."1 24 In these studies, however, the maintenance of coronary reserve was not investigated. Other workers have shown that a decrease in myocardial blood flow in models of repetitive short term ischaemia can be reversed by numerous positive inotropic interventions and they therefore suggested that the reduction in blood flow under these conditions is a result of diminished metabolic demands.25 Interestingly, after inhibition of EDRF synthesis by L-NAME, adenosine production is increased during reactive hyperaemia and may thus compensate for the loss of EDRF activity. 2627 Recently, it has been shown in a dog model that inhibition of EDRF synthesis by the arginine analogue N-o-nitro-L-arginine (L-NNA) inhibits the endothelium dependent vasodilatation induced by acetylcholine and decreases reactive hyperaemia; however, it does not attenuate the rise in coronary perfusion induced by exercise.28 These findings strongly support our results showing that EDRF is not essential for the adaptation of myocardial blood flow to increased metabolic demands. However, inhibition of nitric oxide formation in a dog exercise model with a coronary artery stenosis resulted in a decrease in myocardial blood flow in the ischaemic area during exercise.29 Therefore, it can be speculated that EDRF is of greater importance for the maintenance of coronary reserve under pathological conditions such as ischaemia, presumably because of the parallel impairment of other vasodilating systems. It is also thought that different vasoregulatory systems have different major sites of action along resistance vessels.30
INHIBITION OF EDRF SYNTHESIS
In the present study, the L-arginine analogue L-NAME was used to block nitric oxide production. This compound was intentionally chosen as an inhibitor of nitric oxide formation in this study because-in contrast to other inhibitors of EDRF synthesis-L-NAME also blocks muscarinic receptors. Thus an interaction of acetylcholine with muscarinic receptors leading to vasoconstriction cannot falsify the results.
L-NAME caused a prolonged decrease in myocardial blood flow and a marked rise in systemic blood pressure and thus an increase in coronary resistance. The dose of L-NAME used in this study was similar to the doses used in other studies,56 and provoked a nearly complete inhibition of EDRF synthesis, as shown by the markedly reduced ability of acetylcholine to increase myocardial blood flow despite the increase in mean arterial pressure following treatment with L-NAME.
To further demonstrate a specific inhibitory effect of L-NAME on EDRF synthesis, Dand L-arginine were given after pretreatment with L-NAME. Intravenous administration of L-arginine, but not D-arginine, significantly reversed the effects of L-NAME on myocardial blood flow, systolic thickening fraction, and mean arterial blood pressure, showing that L-NAME specifically inhibited NO synthesis in this study.
After pretreatment with L-NAME, the effect of the endothelium dependent vasodilator acetylcholine was significantly reduced, although not completely inhibited. This indicates that acetylcholine causes vasodilatation not only through EDRF but also through other substances such as EDHF. This observation is in accordance with data of other investigators: for example, it has been shown that after inhibition of EDRF with L-NMMA both bradykinin and acetylcholine can still exert vasorelaxing effects.27 [31] [32] [33] L-NAME reduced myocardial thickening fraction in our experiments. This 
EDHF AND ATP SENSITIVE POTASSIUM CHANNELS
The endothelium releases a hyperpolarising factor (EDHF) which has not yet been identified. Acetylcholine can induce an endothelium dependent relaxation of smooth muscle cells. This effect is mediated by a diffusible substance and inhibited by substances blocking ATP sensitive potassium channels, such as glibenclamide. In the present experiments, inhibition of ATP sensitive potassium channels by glibenclamide in effective doses,38 both alone and in combination with inhibition of EDRF synthesis by L-NAME, did not influence endothelium dependent vasodilatation. The increase in myocardial blood flow caused by application of dobutamine was not impaired after blockade of the ATP sensitive potassium channels. According to these results, activation of the ATP sensitive potassium channels-and hence of EDHF-is not required for the adaptation of myocardial blood flow to the actual metabolic demand. However, we did not investigate the influence of inhibition of KC. channels which may also be involved in the regulation of EDHF in rat microvessels. 39 The results of our study show that despite inhibition of EDRF synthesis, prostaglandin synthesis, and ATP sensitive potassium channels, adequate adaptation of myocardial blood flow to increased metabolic demands following f,i receptor stimulation is still maintained. Therefore, it can be concluded that, in the rat heart, local metabolic regulation of coronary flow under physiological conditions is not dependent on these endothelial vasodilators. Further studies are necessary to evaluate the significance of these findings for the physiology of man.
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